Clinically relevant weight loss is achievable through lifestyle modification, but unintentional weight regain is common. We investigated whether recently discovered genetic variants affect weight loss and/or weight regain during behavioral intervention. Participants at high-risk of type 2 diabetes (Diabetes Prevention Program [DPP]; N = 917/907 intervention/comparison) or with type 2 diabetes (Look AHEAD [Action for Health in Diabetes]; N = 2,014/1,892 intervention/comparison) were from two parallel arm (lifestyle vs. comparison) randomized controlled trials. The associations of 91 established obesity-predisposing loci with weight loss across 4 years and with weight regain across years 2-4 after a minimum of 3% weight loss were tested. Each copy of the minor G allele of MTIF3 rs1885988 was consistently associated with greater weight loss following lifestyle intervention over 4 years across the DPP and Look AHEAD. No such effect was observed across comparison arms, leading to a nominally significant single nucleotide polymorphism3treatment interaction (P = 4.3 3 10
Adipose tissue is essential for fecundity and survival (1, 2) . Chronic excess adiposity (obesity) was probably uncommon throughout the majority of human evolution because foods were hunted or gathered by hand and those of very highenergy density may have been scarce. Hence, the human genome probably evolved to protect against leanness by promoting efficient energy expenditure and utilization. The heritability of BMI is ;50-90% (3), underscoring the strong, biologically encoded nature of obesity.
Recently published (4, 5) large-scale meta-analyses have identified ;100 common obesogenic loci, but the clinical relevance of most of these is undetermined. Genetic data might be clinically valuable if it helped identify patients who are likely to respond well or poorly to clinical interventions, thereby facilitating targeted treatment. Testing if specific genotypes modify treatment effects in randomized controlled trials (RCTs) could help determine this.
The objective of these analyses was to test the genotype associations and treatment interactions for a comprehensive set of BMI-associated loci with intentional weight loss and weight regain in the Diabetes Prevention Program (DPP) and the Look AHEAD (Action for Health in Diabetes) studies, two RCTs of intensive lifestyle intervention conducted in multiethnic cohorts of overweight or obese adults with prediabetes or type 2 diabetes at enrollment.
RESEARCH DESIGN AND METHODS

DPP
The DPP was a 27-site multicenter parallel arm RCT that assessed the effects of metformin treatment or an intensive lifestyle intervention on type 2 diabetes incidence in persons with prediabetes at baseline. The full details of the study are published elsewhere (6, 7) . Briefly, a total of 3,234 overweight or obese adults with elevated fasting and postchallenge glucoses were randomized to placebo control, metformin treatment (850 mg twice daily), or intensive lifestyle intervention (primarily fat gram, calorie, and physical activity goals) aimed at ;7% weight loss. The intensive lifestyle intervention included 16 individual sessions within the first 6 months with in-person or phone follow-up at least monthly thereafter. In years 2 and beyond, group classes and campaigns were offered to reinforce lifestyle changes. In the placebo arm, standard lifestyle recommendations (annually) and inactive tablets were given. The trial's primary outcome was the development of diabetes. Numerous other phenotypes, including weight, waist circumference, and abdominal adipose tissue distribution (from CT scans), were measured at baseline and intermittently as the trial progressed; this report focuses on weight change and weight regain in the placebo control and lifestyle arms only. Analyses for a small subset of single nucleotide polymorphisms (SNPs) examined here have been published previously in the DPP (8) .
DPP Participants
Prior to initiating the study protocol, each participant provided written informed consent (88% consented to genetic analyses), and each study center obtained approval from its respective institutional review board. The analytic sample for the weight-change analyses consists of 1,824 comparison and lifestyle arm participants who provided genetic consent, for whom follow-up data were available in years 1-4, and whose genotype data passed quality-control procedures. The sample used for the weight-regain analyses consisted of 834 participants who lost at least 3% of their baseline weight at 1 year and attended at least one followup assessment in years 2-4, consistent with prior research in the DPP (8) and Look AHEAD trials (9, 10) .
Look AHEAD
Look AHEAD is a 16-site multicenter parallel arm RCT designed to determine whether weight loss achieved through lifestyle change of diet and physical activity reduces cardiovascular disease morbidity and mortality among 5,145 ethnically diverse overweight or obese adults with type 2 diabetes. The full details of the study are published elsewhere (11) (12) (13) (14) . Briefly, at baseline participants were randomized to either an intensive lifestyle intervention or diabetes support and education (DSE) arm. Both the lifestyle and DSE groups were provided one session of education on diabetes and cardiovascular risk. In addition, lifestyle participants received an intensive lifestyle program (focused on achieving ;7% weight loss through calorie, fat gram, and physical activity goals) adapted from the DPP intervention. The lifestyle intervention included one individual and three group meetings per month for 6 months, followed by one individual and two group meetings per month through year 1. In years 2-4, lifestyle participants were seen individually at least monthly, contacted another time each month by telephone or e-mail, and offered a variety of group classes and campaigns, as in the DPP. The DSE group received the option of attending three sessions per year on nutrition, physical activity, and social support with no explicit weight-loss goals.
Look AHEAD Participants
Prior to initiating the study protocol, each participant provided written informed consent (84% consented to genetic analyses), and each study center obtained approval from its respective institutional review board. The analytic sample for the weight-change analyses consists of 3,906 DSE and lifestyle arm participants who provided genetic consent, for whom follow-up data were available in years 1-4, and whose genotype data passed qualitycontrol procedures. The sample used for the weight-regain analyses consisted of 2,116 participants who lost at least 3% of their baseline weight at 1 year and attended at least one follow-up assessment in years 2-4, consistent with prior research in the DPP and Look AHEAD (8) (9) (10) . Analyses for a small subset of SNPs examined here have been published previously in Look AHEAD (9, 10) . Both the DPP and Look AHEAD trials were conducted in accordance with the Declaration of Helsinki.
Neither the active intervention nor comparison arms of the DPP and Look AHEAD are identical. However, the active intervention in both studies represents considerably higherintensity lifestyle interventions than were administered in the comparison arms. Therefore, for the sake of simplicity, we refer to the nonactive intervention arms of the DPP (placebo control) and Look AHEAD (DSE) as comparison and the active intervention arms as lifestyle from here on.
Genotyping
Ninety-one independent loci, characterized by 93 SNPs, identified or confirmed recently by the GIANT Consortium (5) were genotyped using the MetaboChip genotyping array (Illumina, San Diego, CA) in both studies. To ensure quality control, study participants with failed genotyping, sex inconsistency, or cryptic familial relatedness were excluded. SNPs with within-study genotyping call rates ,95% or marked deviation from Hardy-Weinberg equilibrium (P , 1.2 3 10
24
) in any ethnic group were also excluded. After quality control, the residual genotyping success rate for the 93 SNPs was .99.2% in the DPP and .99.7% in Look AHEAD (Supplementary Table 1 ).
Statistical Analysis
After excluding SNPs in linkage disequilibrium (r 2 .0.30), EIGENSTRAT was used to compute principal components from all SNPs on the MetaboChip to control for population stratification in regression analyses. Four primary racial/ ethnic groups were distinguished: non-Hispanic white, African American, Hispanic, and Asian.
Longitudinal trajectories of 1) weight change (baseline to 1-, 2-, 3-, and 4-year postrandomization) and 2) weight regain (year 1 to 2-, 3-, and 4-year postrandomization) among participants experiencing $3% weight loss from baseline to year 1 were first analyzed separately by study. Three-way interaction models of individual SNP markers (0, 1, and 2 copies of the minor allele; additive model) with study arm (lifestyle vs. comparison) and measurement time were estimated using the generalized least squares capabilities of S-Plus 8.2 (15) . Three distinct types of SNP effects are presented, which can be interpreted as the effect per copy of the corresponding minor allele on 1) time-specific weight change within lifestyle, 2) time-specific weight change within the comparison arm, and 3) lifestyle versus comparison arm differences in relation to time-specific weight change. Longitudinal regression models for weight-change and -regain outcomes also included adjustment for age, sex, genetic ancestry (top three principal components), clinic site, and baseline weight (for weight-loss analyses) or year 1 weight (for regain analyses). With the exception of clinic site, all the aforementioned covariates were fully interacted with time, treatment, and time by treatment, so as to allow their effects to vary across study arm and/or time point. Correlation among repeated measures on study participants and variance heteroscedasticity across time points were accommodated using an unstructured covariance matrix whose parameters were estimated via restricted maximum likelihood.
Meta-analysis
Cross-Study Differences in SNP Effects
To determine if study-specific results could be pooled, we tested for DPP versus Look AHEAD (LA) differences in SNP effects using x 2 tests that combined information across all years of follow-up. Let b LA ¼ ðb LA;1 ; b LA;2 ; b LA;3 ; b LA;4 Þ and b DPP ¼ ðb DPP;1 ; b DPP;2 ; b DPP;3 ; b DPP;4 Þ be the study-specific parameter vectors for a particular type of SNP effect from the weight-change analysis, with elements corresponding to year-specific parameters (years 2-4 only for weight-regain analysis). We tested
If S LA and S DPP represent the covariance matrices of their estimates,b LA andb DPP , respectively, then the estimated between-study difference iŝ D ¼b LA 2b DPP and the estimated variance of this difference isŜ D ¼Ŝ LA þŜ DPP , as the estimates from the two studies are independent. Using these estimates, we used a x 2 n approximation of the distribution of the heterogeneity test statistic,D9Ŝ
n , where n ¼ 4 for weight loss and n ¼ 3 for weight regain.
Cross-Study Averages of SNP Effects
When no significant between-study heterogeneity was evident, pooled estimates of SNP effects across the DPP and Look AHEAD were obtained using matrix-weighted averages, which weigh study-specific estimates by their relative precision. Individual precision matrices are simply the inverses of the covariance matrices given above. On the basis of matrix-weighted averaging, the pooled estimate of each type of SNP effect was calculated asb pooled ¼ ðŜ
LAbLA þŜ
DPP be the corresponding weight matrices, we see thatb pooled ¼ W LAbLA þ W DPPbDPP ; with estimated
Univariate Tests of Pooled SNP Effects
To test whether the pooled estimate of a particular type of SNP effect was significantly different from zero at a specific time, H 0 : b pooled; j ¼ 0 vs. H 1 : b pooled; j Þ 0 for j ¼ 1; .; 4 for weight change (or j ¼ 2; .; 4 for weight regain), we used a normal approximation of the distribution of the pooled test statistic,b pooled =ŝ j ; $ Nð0; 1Þ; whereŝ j is the square root of the j th diagonal element ofŜ pooled . Identical methodology was used to test the significance of within-study effects.
Multivariate Tests of Pooled SNP Effects
To test whether the pooled estimates of a particular SNP effect were significantly different from zero across all years of follow-up, H 0 : b pooled; j ¼ 0 vs. H 1 : b pooled; j Þ 0 for j ¼ 1; .; 4 for weight change (or j ¼ 2; .; 4 for weight regain), we used a x 2 approximation of the distribution of the test statistic,b9 pooledŜ
n , where n ¼ 4 for weight change and n ¼ 3 for weight regain. Identical methodology was used to test the significance of within-study effects.
Study-wide Significance Threshold
In addition to the nominal P , 0.05 significance level, a multiplicity-adjusted significance threshold of P , 5.8 3 10
24 was derived via the Li and Ji method (16) , taking into account the effective number of 88 uncorrelated markers under consideration (compared with 93 correlated ones). We note that this significance threshold corrects for the number of independent loci considered but assumes no prior probability of an effect. Hence, this may be a conservative estimate, given that these loci have known effects on BMI. Tables 1 and 2 report the demographic characteristics for both the DPP and Look AHEAD participants. Table  1 describes the sample used in the weight-change analyses (years 1-4), while Table 2 reports characteristics for the subsample used in the weight-regain analyses (years 2-4). As previously reported in the full DPP (8) and Look AHEAD (11, 12, 17) cohorts, both short-and long-term weight loss was greater within the lifestyle arm, as was weight regain. Supplementary Table 2 reports the associations of each SNP with baseline BMI; 17 of these SNPs were nominally associated with BMI (P , 0.05). Two and seven SNPs showed evidence of multiyear heterogeneity for weight loss and weight regain, respectively, across the DPP and Look AHEAD (P , 0.05; Supplementary Tables 3 and 4) .
RESULTS
Participant Characteristics
Weight Loss in Combined Analysis of the DPP and Look AHEAD
The intronic rs1885988 variant (at MTIF3 and a close proxy for GIANT marker rs12016871) modified weight-loss response to lifestyle intervention ( Table 3 ). The effect within the combined interventions reached statistical significance in year 3 (P = 2 3 10 24 for year 3 pooled effect within lifestyle arms), after multiple-test correction. Each copy of the minor G allele was associated with a mean 21.14 kg (95% CI All variables summarized in mean (SD) format, unless indicated otherwise. a The number of American Indian participants included in this study is lower than in the parent Look AHEAD trial due to lack of institutional review board approval. †This is the weight-regain analysis subsample that achieved at least 3% weight loss at year 1 (see the separate demographics table for this subsample in Table 2 ).
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Papandonatos and Associatesarm (P = 0.30), resulting in a nominally significant interaction (P = 9 3 10 24 for SNP3treatment interaction at year 3). Hence, the mean differences in year-3 weight change between the lifestyle intervention and comparison arms were estimated at 21.48 kg (22.35, 20.61 ) between AA homozygotes and AG heterozygotes, and 22.96 kg (24.71, 21.22) between AA and GG homozygotes.
Longitudinal analyses (Fig. 1) showed that rs1885988 was consistently associated with weight loss within the lifestyle but not the comparison arms (P = 2.4 3 10
23
and P = 0.11 for multiyear tests of pooled SNP effects, respectively), leading to a consistent pattern of betweenarm differences in weight change in favor of the lifestyle intervention (P = 4.3 3 10 23 for multiyear test of pooled SNP3treatment interaction). No other SNP3lifestyle interaction effects on weight loss showed similarly consistent patterns across all 4 years of follow-up, although several were nominally significant (Supplementary Table 3 ).
Weight Regain in Combined Analysis of the DPP and Look AHEAD
No SNP3treatment arm interactions reached statistical significance in longitudinal analysis after correction for multiple testing. The strongest SNP3treatment interaction was for the FUBP1-DNAJB4 rs12401738 (P = 0.014 for multiyear test of pooled SNP3treatment interaction) ( Table 3) . Treatment arm-specific analyses showed that the minor allele at FUBP1-DNAJB4 rs12401738 was consistently associated with weight regain within the comparison but not the lifestyle arms (P = 0.03 and P = 0.20 for multiyear test of pooled SNP effects, respectively) ( Table 3) All variables summarized in mean (SD) format, unless indicated otherwise. a The number of American Indian participants included in this study is lower than the parent Look AHEAD trial due to lack of institutional review board approval. †Weight regain calculated as Y j weight -Y 1 weight (kg) for j = 2, 3, 4. Point estimates (PE) and 95% CI represent weight change (kg) per minor allele (MTIF3-rs1885988 G allele; FUBP1-rs12401738 A allele, respectively). Longitudinal regression models adjusted for baseline weight, age, sex, ancestry (principal components 1-3), and study site. P values were obtained using multiyear x 2 tests for the corresponding effect estimate. LA, Look AHEAD.
SNP3treatment interaction effects on weight regain were nominally significant within either the DPP or the Look AHEAD (Supplementary Table 4 ).
DISCUSSION
Many loci have been robustly associated with anthropometric indices of obesity through genome-wide association studies (GWAS) meta-analyses, revealing multiple biologic pathways (18, 19) . However, as these studies focused exclusively on cross-sectional epidemiological data, little is known of whether these variants influence weight change or modify the response to weight-loss interventions. Here, we sought to address these two clinically relevant questions by examining the effects of these variants on weight loss and weight regain in two large RCTs of lifestyle modification, one in people with prediabetes (DPP) and the other in patients diagnosed with type 2 diabetes prior to randomization (Look AHEAD). We found that of nearly 100 loci examined, variant rs1885988 at MTIF3, a close proxy for GIANT variant rs12016871, appeared to modify the effects of the lifestyle interventions on weight loss, reaching study-wide statistical significance within the lifestyle intervention arms in year 3 (P = 2 3 10 24 ) and demonstrating consistently beneficial effects across all 4 years of follow-up (P = 2.4 3 10 23 ). As no similar benefit was observed within the comparison arms, this led to a nominally significant pooled SNP3treatment interaction across all 4 years of Figure 1 -Model-based estimates of MTIF3 genotype effects on weight change among 60-year-old participants following lifestyle and control intervention in the Look AHEAD (A) and the DPP (B) trials. Baseline weight chosen to be representative of males and females in each study (see Table 1 ). Ancestry-informative principal components set at study-specific means.
follow-up (P = 4.3 3 10 23 ). For weight regain, no SNPs modified treatment responses at a level reaching studywide statistical significance. The strongest effect was observed for an SNP near FUBP1-DNAJB4 (rs12401738), which appeared to modify the effects of the lifestyle interventions in both studies (P interaction = 0.014) by slowing weight regain within the comparison but not the lifestyle interventions.
MTIF3 encodes a 29-kDa nuclear-encoded protein that promotes the formation of the initiation complex on the mitochondrial 55S ribosome (20, 21) . The mitochondrial ribosome is responsible for the synthesis of 13 of the inner mitochondrial membrane proteins and its regulation is essential for ATP synthesis, energy balance, and modulation of reactive oxygen species production in the mitochondria by the electron transport chain (21) . Using the HaploReg interface (http://www.broadinstitute.org/ mammals/haploreg/haploreg.php) to access the ENCODE database, we looked up the functional properties of our lead SNP (rs1885988). Although this is an intronic variant, it is 411 bp from a triallelic missense SNP with a deoxyribonuclease (DNAse) peak, with which it is in perfect linkage disequilibrium (r 2 = 1; D9 = 1) in the 1000 Genomes database. Thus, the rs1885988 variant tags a chromatin site that is sensitive to transcription factor binding and hence likely regulates gene expression. We further queried the transcriptional properties of this variant in RegulomeDB (http://regulome.stanford.edu/index), which characterized the variant as a DNAse peak site in immune-regulating T cells (score 5).
A recent publication in Look AHEAD (22) examined the relationships between obesity gene variants, including MTIF3-rs12016871 and diet preference, but no other published studies have examined variation at this locus and lifestyle. Here, the minor G allele was associated with lifestyleelicited weight loss in both trials and with weight regain in the DPP but not Look AHEAD. The minor G allele has previously been associated with higher BMI (18, 19) . Thus, carriers of the MTIF3 obesity-inducing allele appear to benefit more from intensive lifestyle interventions than noncarriers whether they have prediabetes or overt type 2 diabetes. In a recently published, cross-sectional metaanalysis of 32 gene3dietary pattern interactions for BMI (N .65,000) (23), the locus with the strongest signal of an interaction with a healthy diet was a close proxy of our MTIF3 variant. The obvious differences in study design make extrapolation of those cross-sectional data to the clinical trial context difficult. However, the fact that the MTIF3 locus was top ranked in both studies strengthens the credibility of our findings and reinforces MTIF3 as a plausible candidate locus for gene3lifestyle interactions in obesity.
FUBP1 encodes a single-stranded DNA and RNA binding protein that regulates gene transcription, stability, and splicing (24, 25) , particularly for the C-MYC oncogene (26) . Mutations at FUPB1 are especially common in oligodendroglioma (27) , a rare form of brain cancer.
DNAJB4 is preferentially expressed in heart, skeletal muscle, and pancreas and encodes a 337 amino acid heatinducible protein (28) . Expression of DNAJB4 is associated with non-small-cell lung cancer survival (29) . No publication to our knowledge has reported on the variation at FUBP1 or DNAJB4 and lifestyle factors in obesity or metabolic disease. In the current analyses, the minor A allele at the FUBP1-DNAJB4 rs12401738 variant appeared to slow weight regain within the comparison arms in both trials, but not within the lifestyle arms. In the GIANT meta-analysis, the minor A allele was associated with higher BMI.
The FTO locus (proximal to rs9960939), which has been shown previously to interact with lifestyle factors, was not associated with weight loss directly or via treatment interactions in either the DPP (30) or Look AHEAD (10) . Previously in the DPP, the FTO rs9939609 variant predicted a greater increase in subcutaneous adipose tissue in the placebo group compared with lifestyle intervention at year 1, but no significant genotype3treatment interaction was observed for weight loss. In Look AHEAD, several SNPs in high linkage disequilibrium showed a nominal association with weight regain at year 4 among those who had lost 3% or more of their baseline weight at year 1, but there was no effect on weight loss. The previously reported additive effect on weight change of FTO rs1421085 was weakened to nonsignificance in this report (from year 1-4 in the comparison arm, P = 0.10; treatment arm interaction, P = 0.10), likely due to a different subsample of Look AHEAD, including a greater representation of Native and Hispanic Americans with available MetaboChip genotyping (vs. IBC chip genotyping presented in the prior article), and to differences in analytic methods, predominantly the derivation and adjustment for new principal components from MetaboChip data to statistically adjust for ancestry. We note, however, that the effect of the lead SNP on weight regain from the prior article, FTO rs3751812, was maintained in this more diverse group (from year 1-4 in the comparison arm, P = 0.02; treatment arm interaction, P = 0.03). Thus, it appears that any impact of the obesity-associated region of FTO on weight loss following clinical intervention is weak and that larger studies designed to examine effects within racial/ethnic groups or with more detailed measurements of body composition will be needed for the effects reported here to be confirmed.
Although a handful of potential gene3treatment interaction effects are evident in these two large RCTs, one of the key findings is that the vast majority of GWAS-derived obesity-associated loci do not appear to convey clinically meaningful effects on weight loss or weight regain. This is key because many anticipate that modern population genetics research will help prevent or treat diabetes and obesity (31) . Although discoveries made through GWAS meta-analyses help elucidate biological pathways, the use of individual obesity-associated SNPs derived through GWAS is unlikely to help clinicians optimize the delivery of weight-loss interventions through targeted intervention. One possible reason that GWASderived loci do not serve this role well is because GWAS meta-analyses are conventionally performed without accounting for interactions with lifestyle factors and by ranking loci based solely on marginal effect P values, which may bias against the discovery of loci that modify the effects of lifestyle interventions (32) .
The DPP and Look AHEAD are the largest existing RCTs of lifestyle intervention in people who are either at high-risk of developing or who have already developed type 2 diabetes, respectively; nevertheless, even with ;6,000 participants this analysis is likely underpowered to detect effects as small as those observed in large observational meta-analyses. However, it is unlikely these effects are clinically relevant and failing to detect them here is thus of little consequence in the context of our clinically oriented objectives. It is also important to bear in mind some key differences between the DPP and Look AHEAD trials, not least that the former focuses on people with prediabetes and the latter on people who have already developed the disease, some who are on pharmacotherapy known to influence weight. Differences in intervention protocols also exist. These factors may inhibit the detection of gene3treatment interactions. Moreover, it is likely that gene3diet interactions are nutrient specific; as such, it may be that dietary regimes that focus on different elements of the diet from the DPP and Look AHEAD interventions, such as carbohydrate or salt intake, might yield interaction effects with the variants studied here. Last, although the test of heterogeneity between the DPP and Look AHEAD suggests that there were no statistically significant differences in interaction effects between studies, it is likely that with only two studies included in this analysis the heterogeneity test was underpowered, and, as such, the absence of a significant heterogeneity test statistic should be interpreted with caution.
In conclusion, we assessed the effects on weight change of 91 established BMI-associated loci in two large RCTs of intensive lifestyle modification. The strongest association with weight loss across studies was MTIF3-rs1885988. Although studying BMI-associated variants derived from cross-sectional observational studies has, in this instance, provided few new insights into the genetics of behavioral weight loss and weight regain, future studies focused on genome-wide hypothesis-free discovery efforts may yield more promising results. Author Contributions. G.D.P., J.C.F., J.M.M., and P.W.F. designed the analyses and wrote the manuscript. G.D.P., Q.P., B.E., and K.A.J. undertook statistical analyses. L.M.D., L.E.W., S.E.K., R.R.W., and W.C.K. coordinated data collection. S.A., M.H., L.C., and P.F. undertook coordination tasks. All authors read and critically appraised the manuscript. G.D.P. and P.W.F. are the guarantors of this work and, as such, had full access to all the data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis.
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